An analysis of restriction endonuclease cleavage of DNA isolated from cyanophages that infect Anabaena and Nostoc species of cyanobacteria has provided evidence for counter-selection of restriction endonuclease sites. These include sites containing subsequences which are methylated by host (Anabaena PCC 7120) methylase(s) akin to the dam and dcm enzymes of Escherichia coll. Other sites which are counter-selected have no common sequence structure. The latter include those of the endogenous restriction endonucleases of the host, but other absent sequences are not attributable to isoschizomers of any known Anabaena or Nostoc restriction endonuclease. The cyanophages differ in their tolerance to DNA methylation. Isolates A-4L, AN-13 and AN-23 do not tolerate adenosine methylation in the GATC sequence whereas two cyanophages, A-1L and AN-10 (which are related) do tolerate dam-like methylation of this sequence. In addition, A-1L allows cytosine methylation at GGCC sequences, but AN-10 has counter-selected these sequences and the remaining sites are not methylated. Analysis of native and cloned A-4L DNA suggests that counter-selection has occurred against all sequences which would be methylated by the host at either adenosine or cytosine nucleotides.
Cyanobacteria are prokaryotes capable of oxygenic (plant-like) photosynthesis. Some filamentous species also have the ability to fix atmospheric dinitrogen in differentiated cells called heterocysts. The cyanophages are bacteriophage-like viruses which infect cyanobacteria. Those included in this study infect the filamentous, heterocystous species Anabaena and Nostoc. They have icosahedral capsids and possess either short, non-contractile (A-4L, AN-13 and AN-23) or long, contractile (A-1L and AN-10) tails (see Hu et al., 1981 for further details).
Investigation of the genomic DNA of Anabaena and other filamentous cyanobacteria has revealed that their DNA is resistant to cleavage by a number of restriction endonucleases (REs). The use of enzymes with different sensitivities to base methylation within the cleavage site led to detection of adenine and cytosine base methylation. DNA methylation, akin to that by the dam and dcm enzymes of Escherichia coli, was suggested to explain the resistance of Anabaena DNA to RE cleavage (Lambert & Carr, 1984) . However, the analysis of fragments of Anabaena DNA cloned in E. coli suggested that its resistance to certain REs may be due to a reduced number of restriction sites (Herrero et al., 1984) . This interpretation was based on comparison to expected frequencies in a random sequence model.
It has also been noted that the DNA from a selection of filamentous cyanobacteria is resistant to cleavage by several REs found in various species of Anabaena and Nostoc, even though these enzymes were not necessarily from the strains from which the DNA was prepared (Lambert & Carr, 1984; Herrero et al., 1984 0000-7848 © 1988 SGM endogenous enzymes could be advantageous to the bacterium, particularly if specific methylation is inefficient, but this does not account for the reduction in number of those sites for which there is no endogenous RE. We describe here a study of the resistance to RE cleavage in the genomic DNAs of the cyanophages A-1 L, A-4L, AN-10, AN-13 and AN-23. Cyanophages AN-13 and AN-23 appear to be related, as do A-1L and AN-10. This is shown by similarities in the sets of fragments resulting from incubation with many of the REs screened (data not shown).
The cyanophages and Anabaena PCC 7120 (which was used for the propagation of all of the cyanophages) were gifts from Dr C. P. Wolk (MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing, Mich., U.S.A.). Chromatography resins were obtained from Serva (RPC-5 Analog) or Bethesda Research Laboratories (NACS. 52). Agarose and low gelling temperature (LGT) agarose were obtained from Sigma. Anabaena PCC 7120 was~grown in an eightfold dilution of Allen & Arnon medium (A&A/8) (Allen & Arnon, 1955) , supplemented to 2-5 mM-KNO3 and 2.5 mM-NaNO3 (A&A/8 + N). Small cultures (up to 250 ml) were grown by rotary incubation with fluorescent illumination of 29 ~tE/m 2. s, larger cultures were kept suspended by vigorous aeration under fluorescent illumination of 100 ~tE/m 2 .s, at 29 + 1 °C. Stocks of the cyanophages were maintained as extracts of single plaques in A&A/8 + N + 1 mMCaCI2.
Cyanophage DNA was prepared by the optimized techniques of Bancroft & Smith (unpublished data). Anabaena PCC 7120 genomic DNA was extracted by a lysozyme/SDS procedure (Smith & Carr, 1977) . DNA was purified by NACS.52 or RPC-5 Analog chromatography. Cyanophage and host DNAs were cloned using fragments generated by HindlII or EcoRV cleavage ligated into pBR322. Standard techniques of dephosphorylation, ligation and transformation were employed (Maniatis et al., 1982) . Cyanophage DNA fragments were identified in clones derived from whole genome restrictions or, in clones derived from individual fragments recovered from LGT agarose electrophoresis gels, confirmed by comparison of restriction fragment sizes to known values determined from restriction maps of the cyanophage genomes.
Restriction endonuclease cleavage was performed on 0.25 to 1.0 ~tg samples of DNA using a four-to 20-fold excess of enzyme; incubation time was based on bacteriophage lambda DNA cleavage data supplied by the manufacturer. In' all cases the buffers recommended by the suppliers were used. Restriction fragments were fractionated by electrophoresis through 0.7~ (A-IL, AN-10, AN-13 and AN-23 DNAs) or 0.5~o (A-4L and Anabaena PCC 7120 DNAs) agarose and detected by ethidium bromide/u.v, fluorescence. The restriction of lambda genomic DNA was used as a positive control to assess the activity of the enzymes in each assay. The REs that failed to cleave native DNAs (with the exception of SalI and MboI) were used to investigate the following cloned DNA: 18 kb of Anabaena HindlII fragments, 22 kb of A-4L HindlII fragments and the 5-0 kb EcoRV fragments F of A-1L and of AN-10 DNAs. HaelII was also incubated with both native and cloned EcoRV fragments F of A-1L and AN-10 DNAs.
The results for the screening of native DNAs are presented in Table 1 . Cleavage sites were detected in the cloned Anabaena DNA for AvaI, Avail, BglI, BgllI, HaelII, PstI, PvuI, SmaI and SphI, but not the remainder. No cleavage sites were detected in the cloned A-4L DNA for any of the enzymes that failed to cleave native DNA. The EcoRV fragments of A-1L and AN-10 DNAs each revealed two PvuI sites in identical positions. The cloned AN-10 fragment was cleaved once by HaelII (as was the native fragment) whereas the cloned A-1L fragment was cleaved three times (native A-I L DNA is resistant to HaellI). No further cleavage sites were detected in the cloned A-1L and AN-10 fragments.
Methylation of the recognition sequences of the endogenous REs of the host strain (isoschizomers of AvaI and Avail; Duyvesteyn et al., 1983) and of the enzymes which recognize sub-sequences of these (e.g. SmaI and XhoI) would be expected in native cyanophage DNA as a consequence of the restriction/modification system of the host. However, there are many REs to which the phage DNAs are resistant besides known Anabaena or Nostoc REs. With some exceptions, this reflects the resistances of the DNAs of their hosts. The REs MboI (which is sensitive to adenosine methylation within its recognition sequence GATC) and Sau3AI (which possesses the same recognition sequence, but is insensitive to adenosine methylation) have been t Confirms previous results (Lambert & Carr, 1984) . The sizes of the cyanophage genomes are approx. 40 kb for A-4L, 47 kb for AN-13 and AN-23 and 67 kb for A-1L and AN-10, estimated by summation of the sizes of restriction fragments.
used to identify methylation within the sequence GATC in Anabaena DNA (Lambert & Carr, 1984) . The cyanophages can be grouped into two classes on the basis of results obtained from similar investigations. A-1L and AN-10 have been shown to possess adenosine methylated GATC sequences (as Sau3AI cleaves but MboI does not) and are thus tolerant of this dam-like methylation. A-4L, AN-13 and AN-23, however, appear to contain neither adenosine methylated nor unmodified GATC sequences (as both Sau3AI and MboI fail to cleave) and so are intolerant of such methylation. Over half of the genome of A-4L was cloned and found to be resistant to Sau3AI, suggesting the absence of the GATC sequence rather than its modification. Indeed, no cleavage sites were detected in cloned A-4L DNA for any of the REs that failed to cleave the native DNA. These REs correspond to those with recognition sequences which are either methylated or have been counter-selected in the host's DNA (shown by the cleavage resistance of native host DNA). Sequence analysis and RE cleavage analysis of bacteriophage T7 and T4 genomic DNAs has demonstrated counter-selection of sequences which are either sites for type II REs or contain sub-sequences recognized by the E. coli dam and dcm methylases (Rosenberg et al., 1979; Kruger & Bickle, 1983; Kruger et al., 1985; McClelland, 1985) . In addition to representing an extreme case of sequence elimination, the results of the investigations of A-4L DNA support the suggestion that DNA methylation, as well as restriction, may be detrimental for phage reproduction (Schroeder et al., 1986) . The related dam-like methylation-tolerant cyanophages A-1L and AN-10 contain DNAs which share similar RE cleavage resistances with each other and their host's DNA. The most notable exception to this is that AN-10 DNA is cleaved into approximately 20 fragments by HaeIII, which has the recognition sequence GGC(C/mC), whereas both native A-1L and Anabaena PCC 7120 DNAs are resistant. Investigation of the two corresponding cloned A-IL and AN-10 DNA fragments revealed the presence of three modified HaeIII sites in native A-1L DNA but only one, unmodified, site in native AN-10 DNA. It thus appears that the lack of modification of these sequences has led to their more rapid elimination from AN-10 DNA than from A-1L DNA since the divergence of the two phages. The cloned A nabaena PCC 7120 DNA contained numerous HaeIII sites, demonstrating modification in the native state. There is one precedent for lack of HaeIII resistance of DNA amongst Anabaena, that is strain 2C. This susceptibility is apparently due to the lack of a dicytosine methylation system which is present in other Anabaena strains (Lambert & Carr, 1984) . The function of this system is unknown but our results suggest that it is detrimental to phage reproduction if the phage DNA is not correspondingly methylated.
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